Abstract: Brazil, like many emerging countries, has experienced a fast growth in the demand for automobiles in recent decades. This has produced a significant increase in the amount of hazardous waste to be disposed of, including used lubricant oil. Restrictive regulations are being used by many nations to deal with this problem, focusing on treatments, such as recycling, to avoid resource depletion. Specific rules for disposal of used lubricant oil already exist in various countries, including Brazil, but not for its containers. Using the life cycle assessment methodology, this article evaluates different management options for the destination of Lubricant Oil Plastic Containers (LOPCs), comparing recycling and incineration to disposal in an industrial landfill. Results show that reducing the proportion of LOPCs destined to the landfill has positive impacts in lowering the burdens caused in the life cycle of LOPCs. Incineration, which is not a technology used for destination of LOPCs in Brazil, proved to be a promising option when combined with recycling for treatment of this kind of waste. Combining different destinations is also a good option as long as economic, logistics and the environment are taken into consideration. The present paper concludes that emerging countries are able to manage hazardous waste provided that there is adequate legislation and political will along with cooperation from the private sector. This study can be helpful to the decision-making processes concerning hazardous waste, especially for industrial strategies and policy makers.
Introduction
As observed in many emerging countries, Brazil has experienced exponential growth in the number of automobiles in the last decades. In 2014, the car fleet in Brazil was estimated to be around 35 million units, having risen more than 60% in the previous seven years [1] . This expansion puts more pressure on the already difficult problem of waste disposal that the country currently faces as it increases the amount of hazardous waste (and materials of difficult degradation, i.e., plastics, rubber and metals) being disposed of in landfills [2] .
The rise in the number of vehicles has led to a higher consumption of maintenance and operational products, such as lubricant oil [3] . Around 56% of the total demand for this product comes from the automotive sector, and about 50% is lost in the process of combustion, through evaporation, remaining oil in the packaging, and so on. Most of the remainder of the used oil is collected and treated in the end-of-life stage [4, 5] .
As lubricant oils are a hazardous waste [6] , their incorrect disposal causes serious environmental impacts, imposing risks to human health, air and water pollution [7] . According to Willing [8] , one liter of used lubricant oil can contaminate one million liters of water, and its degradation can take 300 years.
The PNRS states that the preferred treatment for LOPCs is recycling, which has been the only treatment used until now. However, this procedure has not always been feasible due to lack of recycling facilities. This problem is aggravated in countries as large as Brazil, in which long distances from collection to recycling facilities entail high transportation costs and additional emissions of greenhouse gases [32] . The LOPCs that do not undergo recycling are disposed in industrial landfills.
Even though incineration (waste-to-energy) is still not a common treatment option in Brazil [33] [34] [35] , in Europe it is the most-used treatment for hazardous waste [7] , therefore it should also be considered in this analysis as an option for the final destination of used LOPCs.
Different assessments and methods for studying and describing environmental and sustainability performance have been developed over the past years. Life Cycle Assessment (LCA) is the most popular and globally-accepted system assessment tool for dealing with waste management, also being a well-established environmental management tool [18, 36] .
LCA is a technique used to evaluate environmental impacts during the life cycle of a product, service or process [37, 38] . Some LCA studies deal with integrated waste management systems as a whole, while others, such as the one presented in this article, focus on one single waste fraction [39] . The framework and methodology to develop a life cycle study are described by the ISO 14040 and 14044 standards [40, 41] , but also by Guinèe et al. [42] and the International Reference Life Cycle Data System (ILCD) handbook series [43] by the environmental department of the Joint Research Center of the European Commission.
The interest in LCA is growing and every year more researchers are using this method. Although many publications have focused on plastics and packaging (there are a several studies on LCA of plastics and plastic packaging, comparing environmental performance of different products [44] [45] [46] , applications [47, 48] , types of plastic [49] , and end-of-life treatment options [50] [51] [52] ), thus far no specific studies were found using LCA as a tool to address the management of lubricant oil plastic containers.
This study may provide input into further investigations on hazardous waste management as well as useful elements to expand the already existing waste management and recycling programs.
In the present paper, life cycle assessment is used as a management tool to evaluate the life cycle of lubricating oil plastic containers, comparing the current practice-recycling-to incineration with energy generation (waste-to-energy), which is a treatment widely used in many countries, as alternative options to industrial landfilling. Due to the difficulties of analyzing the whole country, a case study was carried out in the State of Rio de Janeiro which was chosen for having both a large population and a massive fleet of vehicles [1, 53] . With 16 million inhabitants, Rio de Janeiro is the third most populated state in Brazil and its number of light vehicles is estimated to be over 6 million units. Its demand for lubricant oil in 2014 was around 118 million tonnes [11] .
Materials and Methods
LCA studies in emerging countries are many times hindered by the lack of reliable information. Their success depends on the amount and quality of the information collected, especially local data, the knowledge of the technology applied, and simplifications and approaches used [42] . Case studies are a good option for gathering primary data and qualitative and quantitative information [54] . Willers and Rodrigues [55] state that there are many possible applications for LCA studies in Brazil due to its economic profile, and Zanghelini et al. [56] affirm that the assessment of industrial sectors is fundamental for achieving environmental goals in the country.
The ISO 14040 and 14044 standards provide the principles and frameworks for the conduction of LCA studies [40, 41] . They distinguish four phases of a life cycle assessment: (a) goal and scope definition, (b) inventory analysis including the inputs and outputs of the system flows, (c) impact assessment including the evaluation of the effects on human health and the environment, and (d) interpretation of the results.
Goal and Scope
The goal of this study is to evaluate the different impacts associated with the life cycle of LOPCs. This includes different management options for the end-of-life of LOPCs that can be used in the future decision-making process.
A LCA study can have an attributional or consequential approach, according to the ILCD Handbook [43] . Attributional modeling is used for existing supply-chains, whereas the consequential approach models generic inputs and outputs expected as a consequence of possible decisions made in the system background. To identify the most appropriate impact assessment modeling and method to comply with the goal and scope of the work, an LCA should be carried out following one of three different context situations: A (micro-level, no large-scale consequences), B (macro-level, strategic/large-scale consequences) or C (accounting-type of life cycle model) [43] . The attributional approach was considered more appropriate for the purpose of this analysis as it reflects the real situation of the processes and the life cycle of the analyzed system. Considering that this is a product-based study, it fits situation A (micro-level decision support).
Functional Unit
The functional unit (FU) quantifies the performance of a product system and gives a reference for the input and output flows in a life cycle assessment study. The FU used was one tonne of high-density polyethylene (HDPE), as it can be applied to the whole chain.
Description of Scenarios and System Boundaries
In order to study the life cycle of LOPCs, the analysis considers their production, distribution in the state of Rio de Janeiro, collection and final destination, including reverse logistics for recycling and incineration. The scope of this study encompasses the impacts caused and avoided through these different stages.
One producer/actor was chosen for each step of the case study. The production of LOPCs takes place in a factory located in a small town about 250 km from the city of Rio de Janeiro, in the state which is its namesake. Once a week, the oil company sends a lorry (medium weight, 7.5-16 tonnes) with virgin HDPE pellets and collects the new containers to be filled with oil and distributed. The HDPE pellets are extruded with the pigment, and a material balance is considered in the process. Water is used for cooling the plastic when entering the machine (25 • C) and after molding (15 • C). The oil company is responsible for the supply of 30% of the market in the state of Rio de Janeiro (heavy weight lorries, >28 tonnes) (Figure 1 ). 
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One producer/actor was chosen for each step of the case study. The production of LOPCs takes place in a factory located in a small town about 250 km from the city of Rio de Janeiro, in the state which is its namesake. Once a week, the oil company sends a lorry (medium weight, 7.5-16 tonnes) with virgin HDPE pellets and collects the new containers to be filled with oil and distributed. The HDPE pellets are extruded with the pigment, and a material balance is considered in the process. Water is used for cooling the plastic when entering the machine (25 °C) and after molding (15 °C). The oil company is responsible for the supply of 30% of the market in the state of Rio de Janeiro (heavy weight lorries, >28 tonnes) (Figure 1 ). After lube oil changes, mostly done at service stations and repair shops, the LOPCs are stored for disposal. Final destination options can be an industrial landfill, a recycling plant, or an incinerator. Using a reverse logistic system, the Instituto Jogue Limpo collects the used containers for recycling.
There is just one company authorized to perform this reverse logistics process in the state of Rio de Janeiro with skilled professionals trained to deal with hazardous materials. They collect the empty After lube oil changes, mostly done at service stations and repair shops, the LOPCs are stored for disposal. Final destination options can be an industrial landfill, a recycling plant, or an incinerator. Using a reverse logistic system, the Instituto Jogue Limpo collects the used containers for recycling.
There is just one company authorized to perform this reverse logistics process in the state of Rio de Janeiro with skilled professionals trained to deal with hazardous materials. They collect the empty containers with lorries (light weight, 3.5-7.5 tonnes; 20,000 km/month), equipped with a scale and scanners. The LOPCs are taken to the collection center, where they are sorted and kept upside down to eliminate as much oil as possible. Afterwards, they pass through a granulator machine to create pellets and are stored in big bags. Another company is hired to take the trimmed HDPE to the recycling plant (heavy weight lorries, >28 tonnes).
In the recycling plant, the pellets are melted and extruded to be transformed into new products; in this case, corrugated pipes. In other words, it is an open-loop recycling process. The technology used does not require the plastic to be washed beforehand, but water is used for cooling the new product. The remaining oil is incorporated into the new product without impairing its quality.
The industrial landfill that accepts this kind of waste is located in a state to the northern border of Rio de Janeiro, called Espírito Santo. The LOPCs are first stored in a facility in the state of Rio de Janeiro, with no extra processing to eliminate the remaining oil. When there are enough to fill a lorry (heavy weight, >28 tonnes), the load is sent over a distance of 490 km to be landfilled. When plastic is landfilled, it is assumed that no emissions are generated (Syke, [57] ).
For the hypothetical alternative of incineration (waste-to-energy), the LOPCs are collected and transported to a collection center, as in the recycling case, and then transported to an incinerator facility, which is an existing hazardous waste incineration plant, though it does not process LOPCs, 32 km away, in the city of Rio de Janeiro (heavy weight lorry, >28 tonnes). The LOPCs are considered to be completely incinerated at a rotatory kiln incinerator, adapted for the treatment of hazardous waste, and with a capacity of processing 456 tonnes of waste per month (installed capacity of the incinerator). The ashes and emissions were considered for the study, but not the transportation of the ashes to a treatment/disposal facility. It was considered that the incineration process generates energy, and inventory data was calculated based on the Intergovernmental Panel on Climate Change (IPCC) [7] , the national inventory [58] and on data from a European hazardous waste incinerator [59] .
Different waste treatment scenarios were created following the waste hierarchy. Recycling and incineration were prioritized, followed by industrial landfilling as last option. Even though incineration is not currently applied as a technology for treatment of this kind of waste in Brazil, two scenarios were created using it as a possible option for destination of LOPCs.
The alternative scenarios under study are:
• Scenario 0: Recycling 16%, industrial landfill 84% (current situation) • Scenario 1: Recycling 50%, industrial landfill 50% • Scenario 2: Recycling 16%, incineration 16%, industrial landfill 68% • Scenario 3: Recycling 50%, incineration 50%
The hypotheses assume that the recycling comprises the production of different products (open-loop) and the incineration is used for energy generation, to be supplied to the Brazilian grid.
The boundaries of the system include only the LOPCs themselves, excluding the caps/bottle tops and the bags in which the used containers are stored for transportation. Data about the filling of the containers with lubricant oil were also not included.
The LOPCs disposal options examined generate several co-products that are substitutes for the products/fuels produced through conventional technology, such as recycled material, electric energy and energy heat. HDPE substitutes virgin plastic with a ratio of 1:1, assuming that there are neither losses nor degradation in the process of recycling. For the energy, the substitution rate is also of 1:1.
Life Cycle Inventory
In any life cycle study, the life cycle inventory is a crucial stage, because that is when specifications of the data collected are checked, in accordance with the ISO 14040 standards [40] .
The data assembly was carried out mainly through direct interviews and primary data gathering. Whenever primary data was not available, information in the literature and the Ecoinvent [60] database were used. Inputs and outputs on production of polyethylene and diesel for transport were compiled from an important Brazilian company and the national emissions inventory [58] , respectively. Emissions were calculated based on the conversion factors [61] presented in Table 1 . Regarding electricity, the Brazilian medium voltage mix was used (data from Ecoinvent).
Data on the production and distribution of LOPCs was provided by a producer of this plastic packaging and by one of the largest lube oil producers and distributers in Brazil (in order to preserve the companies' identities and data privacy, their names will not be revealed), respectively. The Instituto Jogue Limpo also provided valuable input for the development of the present work, including data on collection of used LOPCs and demand for diesel and electricity.
Information regarding water, transportation, energy and heat was obtained directly in the recycling plant. Table 2 presents the inputs and outputs of the LOPC life cycle. [62] . HDPE: high-density polyethylene.
Life Cycle Impact Assessment
The life cycle impact assessment (LCIA) was performed using SimaPro 8.1.1.16 software (PRé-Consultants: Amersfoort, The Netherlands), and the method selected was the ReCiPe 2008 midpoint (Goedkoop et al., [63] ). The ReCiPe methodology integrates midpoint and endpoint approaches, which are both characterization methods with indicators at different levels. The first evaluates the environmental impact at a level in the cause-effect chain, and the latter at the areas of protection (human health, ecosystems and resources) [43] . SimaPro is one of the leading software programs used for LCA studies, developed by PRè Consultants [64] . ReCiPe 2008 has been adopted worldwide, with uncertainty at the midpoint level results considered to be relatively low [65] . Furthermore, it is the LCIA method with the highest number of midpoint impact categories (eighteen), enabling a more consistent and complete analysis of the cases being studied. The impact categories selected were: climate change (CC), ozone depletion (OD), human toxicity (HT), photochemical oxidant formation (POF), particulate matter formation (PMF), ionizing radiation (IR), terrestrial acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET), agricultural land occupation (ALO), urban land occupation (ULO), natural land transformation (NLT), metal depletion (MD) and fossil depletion (FD).
The results of the LCIA were normalized by applying the European normalization data for the year 2000 encompassed in the ReCiPe midpoint method, which is based on the report of Seleesjik et al., 2007 [66] 
Sensitivity Analysis
A sensitivity analysis was conducted to address uncertainties in this LCA study. Two parameters were changed to evaluate their influences on the environmental impact results: (1) The amount of lubricant oil that remains in the "empty" LOPCs was changed to both 30 mL and 60 mL to compare the impacts with those produced by the 45 mL baseline; and (2) The amount of HDPE that goes to the recycling or incineration plants was changed from 100% to 95% and 90%, as the weighting of the material collected occurs before the separation of possible contaminants, such as other solid wastes that are thrown by mistake in the bins for disposal of used LOPCs. Figure 2 shows this same data graphically, making it easier to analyze the results. It is possible to see, for example, that the highest impact is associated with MET, followed by FET, NLT and HT for all scenarios.
Results

Environmental Impacts of the Four Scenarios
Scenario 0 is the one with the highest values, followed by Scenario 2. These two scenarios have the greatest amounts of LOPCs being sent to landfills. Scenario 2 shows a reduction of these impacts, which results from raising recycling rates from 16 to 50%. Scenario 3 presents much lower values for the impacts on human toxicity, freshwater toxicity and marine ecotoxicity than all the other scenarios. Its impact on natural land transformation was higher than the ones previously mentioned, although less significant than the results observed in the other scenarios. This is a scenario in which all LOPCs collected are sent only to recycling and incineration (waste-to-energy).
As mentioned previously, the numbers presented in Table 3 and Figure 2 are the net values of the impact assessment, which are the sum of the positive and negative values for each impact category evaluated. Impacts can have different values depending on the phase of the life cycle as some fluxes can cause burdens while others can avoid them. Figures 3-6 show the separate positive and negative gross values of the impact categories for each of the four scenarios.
In Scenario 0, the most relevant impacts in descending order of importance are related to marine ecotoxicity, freshwater ecotoxicity, natural land transformation and human toxicity. Positive values at a much lower level can also be observed in relation to fossil depletion, freshwater eutrophication, climate change, particulate matter formation, terrestrial acidification and mineral depletion. Avoided burdens for ionizing radiation and climate change are also present, but with low intensity, as can be observed in Figure 3 . Figure 4 demonstrates the impacts for Scenario 1. The ones that stand out are marine ecotoxicity, natural land transformation and freshwater ecotoxicity, in that order of intensity, with human toxicity standing a bit lower. Other impacts that should be mentioned for having positive values are climate change, freshwater eutrophication, metal depletion and fossil depletion. In this scenario, recycling was raised from 16% to 50%, which explains the negative values of CC, POF, PMF, IR, TA and FE. Figure 5 shows the same pattern as Figure 3 , with the highest impacts being associated with MET, FET and NLT, respectively, followed by HT with a lower value. All other impact categories have positive results much lower than those four. The only burden avoided associated with Scenario 2 is NLT, but with a very low value. Figure 6 reveals a different pattern from the previous ones, as the only impact category that really stands out is natural land transformation, with both high positive and negative values. Scenario 3 is the only one that does not have an industrial landfill as a destination option. In this case LOPCs, are diverted half and half to recycling and incineration (waste-to-energy). The other positive impacts observed are associated with CC, HT, FE, FET and MET., and burdens associated with CC, HT, POF, PMF, IR, TA, FE and MET decrease slightly.
Other results may be highlighted besides the net impacts already mentioned and presented in Figure 2 . It is possible to see environmental impacts caused on climate change, freshwater eutrophication and fossil resources depletion for all four scenarios. Burdens avoided can be mainly observed in Scenario 1 on climate change and freshwater ecotoxicity and in Scenario 3 on natural land transformation, human toxicity, freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity and on natural land transformation. These are the scenarios with higher recycling rates and scenario 3 is the one with the highest incineration rate. 
Sensitivity Analysis Results
When the amount of recycled or incinerated HDPE changed, Scenario 1 showed variations of up to 33% for CC and Scenario 3 showed variations of up to 37% for TE when there was less HDPE to be treated (90%). Most of the impact categories were affected, which demonstrates that this parameter influences the overall results of the study (Table 4) . Table 5 shows that the variation of the amount of residual lubricant oil in LOPCs had considerable impact on Scenarios 0, 1 and 2 for the OD, TA, FD, ULO and NLT categories. Its effect was very low in Scenario 3, showing that this variation has a greater impact on scenarios that include industrial landfills as a destination option for LOPCs.
The sensitivity analysis demonstrates that both the amount of oil remaining in the LOPCs and the quantity of HDPE that goes to recycling or incineration can influence the final impacts caused by the life cycle of LOPCs, showing that more detailed data provides more accurate results, though it should be stressed that this does not change the overall conclusions of this study. Table 4 . Changes in parameters observed on the sensitivity analysis for the variation in amount of HDPE that goes to the recycling or incineration facilities.
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Discussion and Conclusions
As it normally occurs in a life cycle assessment, the most difficult part has been the collection of reliable data. Especially when dealing with companies, the data provided may not be trustworthy as they tend to "improve" reality. Sometimes, information from international databases was used to overcome this problem.
This study shows that fewer impacts are produced during the life cycle of lubricant oil plastic containers if destination to industrial landfills can be avoided. Scenarios with higher recycling rates and incineration as an alternative treatment option for LOPCs have proved to be the ones that caused lower overall environmental impacts. This is clearly visible in Figure 2 , but the burdens avoided from the different scenarios are only visible in Figures 3-6 .
Despite the fact that waste-to-energy is not a technology currently applied in Brazil for the treatment of LOPCs and that the analysis of its use has uncertainties due to the scarcity of primary data, it shows promising results as a substitute option for the destination of LOPCs, though further studies should be conducted to ascertain its merits.
One of the improvements that the Instituto Jogue Limpo could apply is an increase in the number of collection center units, thus shortening driving distances, thus reducing transportation costs and environmental impacts.
Furthermore, as the demand for the collection of used LOPCs rises, there should be more recycling plants associated with the program. For several years, the Instituto has sent the trimmed HDPE to recycling plants in other states, such as Minas Gerais and São Paulo, more than 400 km away from Rio de Janeiro, which has led to more use of diesel, therefore increasing the negative impacts of the whole chain.
The expansion of the Instituto Jogue Limpo to other regions in order to cover the whole country (currently it comprises only 15 of the 27 Brazilian states) would be an important step in improving waste management in Brazil, both by diverting LOPCs from landfills and by reducing the production of virgin plastics. It could enhance the program in the states in which it has already been implemented, expanding collection and recycling a larger share of used LOPCs. Finally, the Institute could also try to sell the recycled plastic back to the producers of LOPCs, transforming the process, or at least part of it, into a closed-loop one.
The Brazilian Government could consider further policy measures such as financial incentives and tax cuts to plastic recyclers and resellers of recycled material, inducing price reductions to make recycled products more appealing and competitive in the market. This initiative would work as an example for other sectors to invest in reverse logistic systems to assure correct reuse, recycling and/or disposal of post-consumption waste.
It must be stressed that although improvements and expansions are needed, important steps have already been taken to manage the hazard waste represented by LOPCs in Brazil. It has been shown that recycling can effectively mitigate environmental impacts, as it deviates waste from landfills, and that incineration can be an appealing destination option for plastic waste, especially hazardous waste. Additionally, this study shows that different destination options can be combined, depending on economic, logistical, and environmental considerations.
Finally, using a case study in a Brazilian state, this paper shows that emerging countries can deal with hazardous waste effectively. However, it takes time, political determination and adequate legislation, together with a cooperative posture of the private sector to accomplish desired results. Furthermore, the implementation of environmental management policies needs inputs provided by solid technical studies, such as the ones provided by the LCA methodology, to enable the finding of the best possible solutions.
